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ABSTRACT 
The duration of action potentials from single nodes of Ranvier can be increased 
by several methods. Extraction of water from the node  (e.g. by 2 to 3 M glycerin) 
causes increased durations up to 1000 msec. 1 to 5 rain. after application of the glycerin 
the duration of the action potential again decreases  to the normal value. 
Another  type of prolonged action potential  can be observed in  solutions  which 
contain K  or Rb ions at concentrations between 50 mM and 2 ~. The nodes respond 
only if the resting potential is restored by anodal current. 
The kinetics of these action potentials is slightly different.  Their maximal durations 
are longer  (up to  10 sec.).  Like the normal action potential,  they are initiated  by 
cathodal make or anodal break. They also occur in external solutions  which contain 
no sodium. 
The same type of action potentials as in KCI is found when the node is depolarized 
for some time (15  to 90 sec.,  100  to 200 mv.) and is  then stimulated by cathodal 
current.  These action potentials require no K  or Na ions  in  the external medium. 
Their maximal duration increases  with the strength and duration of the preceding 
depolarization. The possible origin of the action potentials in KCI and after depolari- 
zation,  and  their  relation  to  the  normal action potentials and  the  negative after- 
potential are discussed. 
For an analysis of the kinetics of potentials at the node of Ranvier the study 
of prolonged action potentials proved to be very useful.  This paper describes 
such prolonged action potentials obtained under various conditions. 
According to the means by which the prolongation was achieved, the descrip- 
tion distinguishes between three groups of action potentials: 
1.  Prolonged action potentials in hypertonic solution. 
2.  Prolonged action potentials in KC1 solutions. 
3.  Prolonged action potentials after preceding depolarization. 
* This work was aided by a Fulbright Travel Grant, a Smith-Mundt Grant, and a 
stipend from The Rockefeller  Institute. 
Present address: Eastern Pennsylvania Psychiatric Institute, Department of Basic 
Research, Henry Avenue and Abbottsford Road, Philadelphia. 
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Method 
Single dissected fibers from bullfrog tibial nerves were used for almost all experi- 
ments. Fiber diameters varied from 12 to 15 ~, internodal distances from 2.5 to 4.5 
mm. Preparations were made with tweezers (Dumont No. 5) and a  small iris knife. 
The recording and stimulating system is illustrated in Fig. 1. It differs from the ones 
described by Tasaki (1953) and St~mpfli (1952). The fiber was dissected over a stretch 
of 20 to 30 mm., contained 6 to 8 nodes, and was mounted under paraffin oil on a 
lucite holder. One of the dissected nodes was placed in a  small groove which crossed 
the holder. The dimensions of this groove are shown in the lower part of Fig. 1. The 
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FIG.  1.  Schematic diagram of method used to stimulate and record  the potential 
from  a single node of Ranvier. Shape of the middle groove  is shown below. 
fiber entered and left the groove through two narrow slots in its walls. The solution 
surrounding the node in the middle groove could be replaced with a  small pipette. 
The nerve trunks at both sides of the dissected part lay in longitudinal grooves filled 
with Ringer's. 
Recording  and  stimulating  electrodes  (Ringer's-agar-AgC1-Ag) were  placed  in 
the grooves. Since the external longitudinal resistance drops to practically zero at the 
margin of the grooves, recording was made from the point where the fiber left the 
middle groove to the point where it entered the longitudinal groove to the left, while 
stimulating current entered and left the fiber at the corresponding points to the right. 
Recording over long stretches of fiber was necessary in order to record the external 
potential at a  point in the immediate neighborhood of a  node. Short interelectrode 
distances, as they are used in other methods (Tasaki, 1953;  St~mpfli, 1952),  record 
only the external longitudinal current according to the equation: 
dV 
dx  dx =  -I  r dx  (1) VAUL mUELLER  139 
(V  =  external potential, I  =  external longitudinal current, r  =  external longitudinal 
resistance). 
Integration  of  the  external  longitudinal  current  from a  point where  no  current 
flows to point x provides a recording of the external potential at point x as shown in 
the equation (Davis and Lorente de N6, 1947): 
V(x)  =  I  r dx  (2) 
For practical purposes, an interelectrode distance of 3 to 4 internodes is suffdent. 
At such distances  the flow of current at the distal recording electrode is negligible. 
The arrangement shown in Fig. 1 thus allows recording of the external potential at 
the point where the fiber enters the middle groove. The distance from there  to the 
node was about 100 #. Consequently, potential changes occurring at the node would 
be attenuated  by capacity and  resistance of the myelin between  the node and  the 
recording point.  However,  this attenuation  would not be more than  1 per  cent. 
Another factor which might distort recordings of the external potential with respect 
to the potential across the nodal membrane is longitudinal core polarization (Lorente 
de N6, 1947). In single fibers,  localization, time course, and amount of core polariza- 
tion are not known,  and  since recordings of the external  potential  resemble  intra- 
cellular recordings of muscle fibers,  neurons, or giant fibers,  it seems permissible  to 
disregard at present the possible effect of core polarization. 
Since only the time  course of the observed potential  changes was of importance 
for the analysis, no effort was made to calculate absolute values of potential across 
the membrane. In some instances the amplitude of the action potential was determined 
according to  the method described  by Huxley and  Stiimpfli  (1951).  The observed 
values  varied  between  110  and  125  mv.  The  stimulating  currents  were  generated 
by  three  stimulators.  Their  outputs  were fed into  three  isolation units  (American 
Electronic  Laboratories).  The  outcoming square  pulses  were  mixed  in  series.  Re- 
cording was by differential cathode follower, D.C. amplifier  (AEL), and  oscilloscope 
(AEL). Frequency response  (with preparation):  uniform from D.C. to  10,000  C.P.S. 
In order to avoid stimulation of nodes other than the one in the middle groove, the 
entire stretch of the dissected fiber extending through the paraffin was brought into 
contact with 1 per cent cocaine or 5 per cent ethyl urethane. The longitudinal grooves 
also  contained  1 per  cent  cocaine-Ringer's. The  amount which  these  anesthetized 
nodes contributed to the recorded potential was checked by comparison with a prepa- 
ration in which the fiber was cut at the two side nodes, leaving only the middle node 
and  the two neighboring internodes intact.  There was no appreciable contribution. 
The observed potential  changes can thus  be  considered as being generated  by the 
node in the middle pool. 
In some early experiments,  thin  branches  of abdominal  nerves  of Rana  pipiens 
were used. These branches contain only four to five fibers and allow stimulation and 
recording from only one fiber.  In this case, however, the recorded potential  was gen- 
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RESULTS 
1.  Prolonged Action Potentials in Hypertonic Solutions 
There are several reports in recent literature which concern striking changes 
in the duration of action potentials, caused by quarternary ammonium ions. 
Lorente de N6 (1949) observed the prolongation of action potentials in frog B 
and  C  fibers in  tetraethylammoniumchloride (TEA).  Fatt  and  Katz  (1953) 
found a considerable increase in the duration and amplitude of the action po- 
tential in crab muscle fibers kept in TEA,  choline, or tetrabutylammonium 
(TBA). The applied solutions contained no sodium. The action potentials re- 
corded by Katz and Fatt were similar to those obtained from heart muscle by 
intracellular recording (Draper and Weidmann,  1951;  Woodbury et al.,  1950; 
Trautwein and Zink,  1952).  Tasaki  (1953)  reported a  prolongation of single 
fiber action potential in heroine and sinomenine. 
Action potentials recorded from single  dissected fibers are  usually two or 
three times as  long as single fiber spikes recorded from a  thin,  intact nerve 
branch (e.g.,  Huxley and Stttmpfli, 1949; Tasaki, 1953).  Personal observations 
suggested that in this case the increase in spike duration was caused by a loss 
of water from the fiber, since, for recording, part of the internodium was ex- 
posed to air. Although extraction of water from the fiber is not the only cause 
of longer spike durations, it proved to be a convenient method to prolong the 
action potential. A  simple method to remove water from the fiber at a  con- 
trollable rate is to place the fiber in a hypertonic solution of substances which 
have no blocking effect. Solutions of urea, sugars, sodium salts, or glycerin can 
be used. Glycerin has the advantages, that it mixes with water at all concen- 
trations and that even at high concentrations it causes no damage to the fiber. 
For this reason a mixture of Ringer's and glycerin was used in all experiments 
described in this section. In experiments with glycerin concentrations above 1 M 
the Na content of the solution was adjusted to 0.1 ~. 
The first effect was  seen with glycerin concentrations of 1 M.  Best results 
(i.e.  longest durations  of the  action potentials without depolarization) were 
obtained at concentrations of 2 to 2.5 ~.  In some experiments up to 3 M was 
used without the fiber's showing any sign of depolarization. 
Fig. 2 a shows changes in form and duration of a single fiber action potential 
as they develop after the application of a 2.5 M glycerin-Ringer's solution. The 
action potential was initiated by the make of a cathodal current and therefore 
is superimposed on the electrotonic potential caused by this current. The first 
record shows the normal action potential immediately before the application 
of glycerin. It has a duration of only 0.7 msec. 96 sec. later the first prolongation 
of its falling phase appears. Within the next 15 sec. this prolongation increases 
further and the last record of Fig. 2 a  shows an action potential whose rising 
phase and first part of the falling phase are almost unchanged, but which are PAUL  MUELLER  14I 
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FIG.  2.  (a) Prolongation of a single fiber action potential  after application of 2.5 
x, glycerin-Ringer's. The  records were taken  at  the  indicated  times  after  the appli- 
cation of the glycerin. 
(b)  Continuation  of  (a).  Records  taken  with  slower  sweep  speed.  Thin  branch 
of abdominal nerve, Rana pipiens. January 7, 1954. 
followed by an almost horizontal  part  (plateau)  which in turn ends in a  last 
steep phase of repolarization.  As time goes on, the duration of the plateau in- 
creases considerably. 
Fig 2 b shows the continuation of Fig.  2 a  with a  slower sweep speed.  The 142  PROLONGED ACTION.  POTENTIALS 
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FIG. 3.  Prolonged action potential from single node of Ranvier in 2.5  ~  glycerin- 
Ringer's. Bullfrog. January 6, 1955. 
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FIG. 4.  Duration of the action potential plotted versus time after application of a 
3  M glycerin-Ringer's solution.  Single fiber from  thin  branch  of  abdominal nerve, 
Rana p{piens.  February 9,  1954. PAUL MUELLER  143 
FIG.  5.  Reshortening of a  single fiber action potential in 2.5 M glycerin-Ringer's. 
Records were taken at the indicated times after application of the glycerin. Record 1 
shows  the just subthreshold electrotonic potential of  the stimulating current. Thin 
branch of abdominal nerve, Rana pipiens. February 3, 1954. 144  PROLONGED  ACTION POTENTIALS 
first record gives the normal action potential; the following records the pro- 
longed action potentials at the indicated times after the application of glycerin. 
Their general form is the same while the plateau becomes as long as 25 msec. 
In spite of this prolongation, which can last as long as 1 sec. in 3 M glycerin, 
the rising phase and the last steep phase of repolarization do not change. 
The first part of the falling phase is not prolonged but forms a sharp spike 
which is well separated from the plateau. In different preparations the relation 
between spike and plateau can have varying values. During the plateau, the 
potential slowly falls to a  value from where the last phase  of repolarization 
starts.  In many cases spike and plateau are not well separated, the potential 
falling almost exponentially from a peak down to the end of the plateau. 
Since the records of Fig.  2 a  and 2 b are from a  single fiber within a  thin 
branch of an abdominal nerve, the electrotonic potential of more than one fiber 
is recorded, and in the active fiber more than one node contributes to the po- 
tential at the recording electrode. 
The potential course at one single node in 2.5 M glycerin can be seen in Fig. 
3, for which a single dissected fiber was used. Again the node was stimulated by 
the make of a constant cathodal current. The potential falls exponentially from 
the maximum. The last phase of repolarization displays a positive overshoot. 
Such overshoots are often seen and have already been described by Lorente de 
N6 (1947) for the action potential of a whole nerve (R1 reaction). In many pro- 
longed action potentials the distinction between  early spike  and  plateau  is 
more pronounced, which observation could lead to the conclusion that they are 
caused by two different processes (cf.  Discussion below). 
Some time after the application of the hypertonic solution the duration of the 
action potential reaches a maximum. Thereafter it decreases again and finally 
approaches values not very different from normal. 
In Fig. 4  the duration of the action potential is plotted against time after 
application of the glycerin. The prolongation starts after 1.8 rain. and reaches 
its maximum within a  short time. Then the values fluctuate for 2 rain.  on a 
level somewhat lower than the maximum before they rapidly decrease. Often 
the final duration is somewhat longer than normal. The general course of this 
curve is the same in all experiments. When dissected fibers are used, the time 
between application of the glycerin and onset of prolongation is only 3 to 10 
sec. For curves in which the duration reaches higher values the fluctuations in 
the middle part of the curve have greater amplitudes. 
The last part of the reshortening of the action potential is shown in Fig. 5. 
Two points are of special interest: (a) The action potential has no sharp spike at 
its beginning; (b) the last phase of repolaxization starts always from the same 
potential;  the  steeper  the  plateau  falls,  the  shorter  is  the  action potential. 
Later experiments showed that changes in the height and steepness of the last 
repolarization always indicate  that  the  node has become depolarized by the 
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The  question  arises  concetning  which  effect the  change  from  hypertonic 
solution to Ringer's will have at a time when the action potential has already 
regained its normal duration. Observations made in this respect can be divided 
into two groups:  (a) In the majority of cases form and duration of the action 
potential did not change at all. The replacement of a 2 to 3 ~  glycerin solution 
with 0.1 M Ringer's had no effect. (b) In other cases the fiber became immedi- 
ately depolarized after the solution was exchanged. The electrotonic potential 
decreased to about one-half. The action potential disappeared.  After 2  to 3 
min. the membrane and action potential began to recover. This behavior was 
seen with  less  resistant  fibers which  already  showed  signs  of depolarization 
when the glycerin was applied. 
Which effect of the hypertonic solution is responsible for the prolongation 
of the action potential cannot be decided. The reshortening in glycerin (Fig. 
5) can be attributed to slow entrance of glycerin into the fiber. H6ber (1930), 
for example,  reported that  glycerin and  urea  readily penetrate  through  the 
plasma membrane of plant cells and it is not unlikely that this also holds true 
for nerves. Therefore, only such effects can be considered as are reversible by the 
entrance of glycerin into the fiber. It might be that the outflow of water either 
removes from or transports to a certain site within the membrane a substance 
whose concentration affects the duration of the action potential.  Such an ex- 
planation would be supported by the fact that certain chemicals such as heroine 
or sinomenine (Tasaki, 1953) or tetraethylammoniumchloride (Lorente de N6, 
1949) prolong the action potential. On the other hand the outward movement 
of water  could directly or indirectly cause  the prolongation.  The hydration 
shell of the ions seems to play an important role in their adsorption by fixed 
negative charges (Ling, 1952,  1955),  and the outward movement of the water 
may facilitate a partial or complete dehydration. 
Action Potentials in Na-Free and Na-Containing KCl or RbCl Solutions 
The following observations are concerned with prolonged action potentials in 
solutions with varied potassium concentration. Only the basic behavior will be 
described, while a more detailed analysis will be given in a subsequent paper. 
It is well known that a node lowers its membrane potential with increasing 
KC1  content of the surrounding medium  (e.g.  Huxley  and  St~impfli,  1951). 
If higher concentrations are used,  the  action potential decreases and finally 
disappears. To a certain extent, anodal polarization can relieve a block caused 
by potassium  (Lorente de N6,  1947).  This is  also possible in  a  single fiber. 
Under such circumstances the time course of the potential at the node is differ- 
ent from the normal action potential. 
The records of Fig.  6 were taken under the following conditions: Ringer's 
solution surrounding the node was replaced by a 0.1 M KC1 solution which con- 
tained no sodium (tested with flame photometer). By external anodal current 
the membrane potential was brought back to its original level. The node was 146  PROLONGED  ACTION  POTENTIALS 
FIG. 6.  Action  potentials  of  a  single node  in  0.1  M sodium-free  KC1  solution. 
Three records at different sweep speeds. Bullfrog. June 9, 1954. 
then stimulated by the make of a  cathodal rectangular current of 120 msec. 
duration. 
Fig.  6  shows  the  corresponding potential  changes  after  the  make  of  the 
cathodal current. In record 1, which was taken at fast sweep speed the poten- PAUL  MUELLER  147 
FIG. 7.  Different forms of single node action potentials in  Na-free KC1 solution. 
(See text.) 
tial rises abruptly with an initial spike to a new level after a latency period of 
25  msec.  In  record  2  two  stimuli  are  superimposed;  one is  just  below,  the 
other  just  above  threshold.  The  electrotonic  potential  of  the  subthreshold 
current rises slowly. As the current  reaches the threshold,  the potential rises 148  PROLONGED  ACTION  POTENTIALS 
again with a  sharp spike,  from which it falls to a  constant value  (plateau). 
The potential  step for the break of the  stimulating  current is  smaller when 
superimposed on the action potential. 
Record 3  shows  the  entire potential course at very slow  sweep speed.  An 
FIG. 8.  Comparison  between  action  potentials  in  hypertonic  solution  (2.5 
glycerin-Ringer's  (a))  and in 0.1  M Na-free KC1. (b)  Dissected  single fiber. Bullfrog. 
June 12 and July 8, 1954. 
initial  spike  is  followed by a  long lasting  plateau  from which  the  potential 
finally drops to its original value. The entire duration of this action potential 
is more than 3 sec. 
Usually the rising phase of this action potential is fast (0.5 to 1 msec.) and PAUL  MUELLER  149 
shows  an initial  spike.  The maximal  amplitude  (spike)  is approximately the 
same as the normal action potential.  The relation between the height of the 
plateau and spike can obtain any value. The KC1 concentration can be raised 
up to 1 M without damaging the fiber. If the node has been in contact with the 
solution for some time,  or if higher KCI concentrations are used,  the  rising 
phase sometimes slows down and no spike is seen. 
Although there is no direct relation between the Na content of the solution 
and the height of the spike, it was frequently observed that in fibers which were 
kept in highly concentrated (Na-free) KC1 solutions (0.5  to 1 M)  a  spike ap- 
peared if sodium (0.3 to 0.5 M) were added to the solution. Since the depolariz- 
ing action of KCI can be counteracted by Na ions or by making the solution 
hypertonic with sugars or glycerin, the effect of the sodium upon the spike is 
probably indirect; that is,  adding sodium has the same effect as lowering the 
KC1 content would have. This supposition is supported by the fact that adding 
glycerin (1.5  to 2 M) to the KC1 solution also increases the spike height. 
Generally the  nodes  stay  excitable in  the  KCI  solution  for many hours. 
Furthermore,  although  the  observations made  have  not  been systematic,  it 
seems that the action potentials in KC1 are less  sensitive to anesthetics such 
as cocaine or urethane than are the action potentials in Ringer's. 
In some experiments rubidium was used instead of potassium.  Effects were 
the same in every respect. 
Not  only the  rising phase  but  also  the  plateau  and  the  last  phase  of re- 
polarization at the end of the plateau differ from preparation to preparation. 
Fig.  7 shows representative samples of the most often observed types. In all 
cases the nodes were kept in a 0.1 M KC1 solution (Na-free). In records 1 to 3 
the stimulating current was turned off shortly after the start of the action po- 
tential. In record 1 almost no spike is seen, the plateau is very high, and the 
potential falls without overshoot back to the base line. In record 2 the plateau 
is less high in relation to the spike, which is larger than in record 1. The last 
phase of repolarization displays two steps and a sharp, positive overshoot. The 
overshoot is probably related to the R~ potential described by Lorente de N6 
(1947). The time scale in records 2 and 3 was too slow to show the ini[ial po- 
tential step after the make of the stimulating current. 
The action potential of record 4 was not initiated by an external stimulus. 
If the anodal polarization is increased beyond a critical value, irregular break- 
downs of the membrane potential appear, which are able to initiate an action 
potential.  Such  an  action  potential  is  sampled  in  record 4.  Its  time  course 
corresponds to  the  one of record  1.  Sometimes rhythmical action potentials 
occur at regular frequencies which closely resemble those found in heart muscle 
(Weidmann,  1956). 
The similarity between the action potentials in KCI and those in the hyper- 
tonic solution is obvious. The duration of the action potentials in KC1 varied 150  PROLONGED  ACTION  POTENTIALS 
between 50 msec. and 10 sec., while action potentials in 3 M glycerin lasted  as 
long as 800 msec. 
The records of the action potentials in KC1 look somewhat different because 
the  stimulating  current  was  turned  off shortly  after  the  start  of  the  action 
potential. This was done because repolarization usually does not occur as long 
as the stimulation lasts. 
For comparison,  Fig.  8  shows  in  record  a  a  prolonged  action potential  in 
hypertonic solution during which  the  stimulating  current was turned  off im- 
mediately after the rise of the action potential. In record b an action potential 
in 0.1 ~t KC1 is seen under the same conditions. Except for the longer duration, 
the time course of the potential is the same in both cases. Aside from the gen- 
eral form,  excitation phenomena and  behavior with  respect  to  external  cur- 
rents are also the same in both cases. In this connection it is interesting to note, 
that plant cells like Nitella  or  Valonia usually give action  potentials  with  a 
time course similar to the action potentials in KCI described above (e.g. Blinks, 
1935,  a and b). By changes in the external medium the cells can be induced to 
give short  lasting  action potentials  which  have a  time course similar to  the 
normal action potential in nerve (Osterhout and Hill, 1940). However, before 
discussing  the  relation  between  the  two  types  of action  potentials,  another 
method  to obtain action potentials of the KCI type will be described. 
Action Potentials in Na- and K-Free Solutions after Preceding Depolarization 
If a  strong outward  current is passed through  the membrane of a  node  of 
Ranvier,  the potential rises after the make of this current within less than  1 
msec.  to a  new value,  from where  it  continues  to grow exponentially with  a 
time constant of 10 to 20 sec. Lorente de N6 (1947) observed this phenomenon 
in the whole trunk and called the developing potential E4. If the outward cur- 
rent is turned  off, the potential falls exponentially back to the original level. 
The time constant for this fall varies usually between 1 and 20 sec. Sometimes 
a slow overshoot to the positive side occurs. Provided the outward current was 
strong enough to cause a depolarization of over 100 my., a  stimulus which is 
applied after the current is turned off initiates an action potential which in no 
respect differs from the action potentials in KC1 as they were described in the 
preceding section.  For these  action potentials  the  external  solution does not 
need to contain K  or Na ions. They appear as well in 0.1 ~  choline chloride or 
dimethyldiethanolammonium chloride. 
The duration of such an action potential depends on: (a) the time at which, 
after the end  of the depolarization,  the  action potential  is initiated,  (b)  the 
strength of the preceding depolarization, and (c) the duration of the preceding 
depolarization. 
During  the first 5  to  10 sec.  after the end of the depolarization the action 
potential is only short. The maximal duration is reached at about 15 sec. after PAUL  MUELLER  151 
FIG. 9.  Action potentials after preceding depolarization. Single node  in  0.11 
dimethyldiethanolammonium chloride. Record was taken  15  sec. after the break of 
a  30 sec., 100 my. depolarization. All following records at 15 sec. intervals. Bullfrog. 
January 12, 1955. 152  PROLONGED  ACTION  POTENTIALS 
FIG.  10.  Single  node  action  potentials  after  preceding  depolarization  (30  sec., 
150 inv.). Node in Ringer's, Records a and b are from different preparations. In each 
record  successive  sweeps  were  superimposed at  15  sec.  intervals.  The  first  sweep 
(longest action potential) was taken 15 sec. after the end of the depolarization. Note 
the  shift of  the base line to  the positive side. The  most positive resting potential 
belongs to the shortest  (last)  action potential. Record c shows form of stimulating 
current. 
the  break  of  the  depolarizing  current.  From  there  on,  the  duration  again 
decreases. 
The first record of Fig. 9 was taken  15  sec, after the end of the depolariza- 
tion,  and thus shows the longest action potential. The following records were PAUL  MUELLER  153 
10 
0 
o  ~ 
o  ~ 
A 
/ 
/ 
I  l  I  I  I 
20  40  60  80  100 sec. 
~)u~ation  of depolarization 
FIG.  11.  Maximal  duration  of the  action potential  tested  15  sec.  after  the  end 
of a  100 my. depolarization of various durations.  Single  node in Ringer's. March  1, 
1955. 
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30 sec. depolarization of various strengths (abscissa).  Single node in Ringer's. February 
12, 1955. 
taken with  15 sec. intervals.  The stimulus was a  cathodal current of 50 msec. 
duration. The positive overshoot at the end of the action potential has the same 
form as that in Fig.  7, record 2. It decreases with the  duration  of the  action 
potential. 
In  Fig.  10  the  successive  action  potentials  are  superimposed  in  order  to 154  PROLONGED  ACTION POTENTIALS 
demonstrate the changes of height and duration after the end of the depolariza- 
tion. Records a and b are from different preparations. In both records the first 
(longest) action potential was initiated 15 sec.  after the outward current was 
turned off, the following action potentials at  15 sec.  intervals. As  the action 
potential becomes shorter, the base line shifts more to the positive side. The 
form of the action potential in record b corresponds to Fig.  7, record 1 (high 
plateau,  no  overshoot). The decrease in  height  with  decreasing duration  is 
more pronounced in record a. 
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FIG. 13.  Duration of the action potential plotted against time after the end of a 
100 inv. depolarization  of 15, 30, 60, and 90 sec. duration. Single node in Ringer's. 
March 5, 1955. 
The maximum duration of the action potential also depends on the duration 
of the preceding depolarization. 
Fig.  11 shows this relationship for the first (longest) action potential, taken 
at 15 sec. after the break of the outward current. The strength of this current 
was such that the final depolarization (steady state) reached ca.  100 mv. across 
the nodal membrane. This value was measured by comparison with the normal 
action  potential,  for  which  approximately  120  mv.  were  measured  by  the 
method of Huxley and Sttimpfli  (1951).  With  increasing duration of the de- 
polarization, the duration of the action potential approaches a final value; i.e., 
longer depolarization does not  increase  the  duration  of the  action potential 
any further. 
The later the node is stimulated after the end of the depolarizing current, 
the shorter is the corresponding action potential  (Fig.  9). At a  definite time 
after the end of the depolarization the duration of the action potential becomes 
zero. This time (i.e.  the time for which action potentials can be obtained after PAUL MUELLER  155 
the end of the depolarization)  again  depends  on both the duration  and  the 
strength of the depolarization. 
In Fig.  12  (curve A)  a depolarization of 100 my. was applied for intervals 
from 5 to 200 sec.  The curve reaches a  level at 200 sec.  and longer durations 
do not increase the time for which action potentials can be obtained. 
Similar behavior is shown by curve B  of Fig.  12,  where depolarizations of 
different strengths were applied for 30 sec.  This curve, however, levels off at 
a  lower value,  although  it  was  obtained from the  same  node  as  curve A  in 
Fig.  12. 
In Fig.  13 the duration of the action potential is plotted against  the time 
after the end of the depolarization at which it was initiated.  In each  of the 
four curves the duration of the depolarization was different (90, 60, 30, and 15 
sec.), while the strength was the same  (100 mv.). The duration of the action 
potential falls from its maximum value (at 15 sec.) to zero with an almost ex- 
ponential time course. The time constant of this fall is approximately 30 sec. 
for all times of depolarization. 
DISCUSSION 
Action Potentials  after Depolarization  and Movements of Potassium Ions 
Behavior of action potentials after depolarization suggests  that  either the 
outward current transports K  ions from tlle inside to the outside of the node, 
the observed action potentials being the result of an increase of the potassium 
permeability of the membrane, or that the depolarization drives an unknown 
chemical reaction inside  the membrane, which changes  the properties of the 
excitable system. 
The following considerations point out some difficulties for the assumption 
that changes in the outside potassium concentration are the cause of the ob- 
served action potentials. 
It is unlikely that the potassium which is transported by the current to the 
outside of the node should accumulate in the neighborhood of the node, since 
continuous washing with a  K-free Ringer's has no effect upon the action po- 
tentials. 
It might be that potassium accumulates under the Schwann sheath or other 
connective tissue elements surrounding the node. However, this is also unlikely 
because: (a) The accvmulated potassium should diffuse through the Schwann 
sheath  into the  surrounding  solution,  since K  ions  applied from the outside 
readily penetrate  and  depolarize  the  fiber,  and  a  node  which  has  been  de- 
polarized by the application of KCI recovers within a few seconds after the KC1 
solution has been replaced by Ringer's.  (b)  The accumulating K  ions should 
cause a  strong depolarization, which, however, is not observed. If the action 
potentials  were  due  to  the  inward  movement  of potassium  ions,  a  certain 
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the membrane. After a depolarization of 90 sec., five action potentials could be 
initiated which lasted all together about 20 sec.  (Fig.  13).  The external longi- 
tudinal  current during  such an action potential  was measured near the  node 
with about 1.5  X  10  -9 amp. Thus 3  X  10  -9 amp flow through the  node, which 
equals  6  X  10-  8 amp sec.  for the  five action  potentials.  This  current  would 
correspond to  6  X  10-18 mol K + ions.  If this  amount had  accumulated  in  a 
volume of 100/~3 around the node (calculated from a  1/z wide interstitial space 
Fio.  14.  Action potential of a  single  node  in  veratrine-Ringer's (1:10,000).  The 
resting potential was brought back to the original  level by anodal current. 
around a  node of 5  X  6/~),  the potassium concentration in this space should 
be as high as 6 tool/liter, and the fiber should be completely depolarized. 
Also the fact that the curves of Fig.  13 do not change, whether the node is 
stimulated or not, speaks against the inward diffusion of potassium ions as the 
cause of the action potentials. The duration of an action potential initiated at 
a  certain  time  after  the  end  of  the  depolarization  is  the  same whether  the 
preceding action potentials were initiated or not. If the inward diffusion of ac- 
cumulated  potassium  ions  were  responsible  for  the  action  potential,  the  de- 
crease  of  the  accumulated  potassium  during  the  preceding  action  potential 
should have an influence upon the height and duration of the next. The more 
frequently  the  node  is  stimulated  after depolarization,  the  sooner the  action 
potentials should disappear. 
In view of these facts, it is at least uncertain whether an increased potassium 
concentration is the cause of the described action potentials. 
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in the same form in both increased KCI concentration and after the passage 
d  a strong outward current, such factors must be present in both cases. 
An increase  d  the external KCI, as well as an outward current, causes  a 
decrease of the membrane potential; it may be that the processes involved in 
this depolarization also  alter the properties  of the  excitable  system, which 
then responds to a stimulus with those long action potentials. 
If the external KCI concentration is increased,  its depolarizing  action lasts 
as long as the concentration is kept high, and the action potentials are observed 
until the potassium concentration is  reduced to normal.  If the node is  de- 
polarized  by an outward current, the depolarizing  action of this current lasts 
only a few seconds longer than the current flows, after which the normal proper- 
ties of the membrane axe restored with a time constant which can be estimated 
from the rate  at which  the  action potentials regain their normal duration 
(ca, 30 sec., Fig. 13). 
The conclusion that the processes involved in lowering the membrane rest- 
ing potential axe in some way connected with the appearance  of the described 
action potentials is also supported by the effects of veratrine and CO~ upon 
the excitable system. Like potassium, veratrine causes a depolarization of the 
node.  If, after a  depolarization with veratrine  (I :I0,000),  the membrane is 
repolaxized by anodal current and then stimulated by the make of a  short 
cathodal  current,  action  potentials  appear  whose  form  and  behavior  are 
identical with those of the described action potentials in KCI or after depolari- 
zation. In Fig. 14 such an action potential is shown. As in the action potentials 
in KCI, the relation between the spike and the plateau can vary over a wide 
range.  Usually the plateau becomes higher with increased  veratrine concen- 
tration.  If the plateau is  low, the last phase of repolarization  is  less steep. 
Sometimes  the plateau is higher than the spike,  and the potential shows a 
second  rise  and maximum after the spike.  Especially  with lower concentra- 
tions the plateau falls  gradually back to the base  line  without a  last steep 
phase of repolarization. 
Garten (1903) published beautiful records of such veratrine action potentials 
(obtained from the olfactory  nerve of the pike), which shows pike, second maxi- 
mum, plateau, and last phase of repolarization.  He also found the same type 
of action potential when the nerve recovered from CO, poisoning. 
Contrary to the potentials seen after depolarization by current and in KCI, 
the action potentials in veratrine disappear if the sodium is removed from the 
external medium. Thus  the  presence  of  potassium  outside  the  membrane 
cannot be the only cause of these action potentials. 
Action Potentials in KCI and the Negative After-potential 
What are the relations between "normal" after-potentials and those action 
potentials found in KCI after depolarization,  in veratrine, and, according  to 
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It was mentioned above that the height of the plateau of these action poten- 
tials can vary over a wide range.  If low concentrations of KC1 or of veratrine 
are used, the plateau is usually low. The potential shows a time course which 
is known in literature as "spike" and "negative after-potential." A comparison 
between the behavior of the observed action potentials and the behavior of the 
negative after-potential as described in the literature  shows complete agree- 
ment, so that the underlying processes may be considered identical. 
The  most  extensive  study  of  the  negative  after-potential  was  made  by 
Lorente  de N6 (1947). Although  the recording from a whole trunk  does not 
disclose every detail of the potential course at the single  node, the observations 
are so characteristic  that  they allow  an identification of the negative after- 
potentials with those action potentials in KCI, etc. 
A comparison shows the following: 
1.  The  negative  after-potential  of the entire  trunk  is  especially high  if a 
depolarizing  agent is combined with a hyperpolarizing agent (e.g. KCI or vera- 
trine  together with anodal polarization by external current,  or KC1 together 
with an increased CO, concentration). 
Under the  same conditions,  the  action potentials described above appear, 
except  that  the  depolarization  usually needs  to  be  stronger.  Furthermore, 
large negative after-potentials are seen if a  long  lasting depolarization is in- 
terrupted  (e.g.  recovery from  anoxic  depolarization;  Lorente de N6,  1947). 
Correspondingly,  the  action potentials  are observed after  the  end  of  a  de- 
polarization by external current. 
2.  Under constant anodal polarization, the negative after-potential decreases 
faster (is shorter) than with cathodal polarization.  In the same way the dura- 
tion of the  action potential  in KC1, veratrine,  etc.,  is shorter under  anodal 
polarization and longer with cathodal polarization. 
3.  The  amplitude  of the negative  after-potential  decreases with  constant 
depolarization. The amplitude of action potentials in KC1 shows the same de- 
crease. 
4.  In some cases the negative after-potentials display a rising phase and a 
maximum (Lorente de N6, 1947, 132, 243). The same phenomenon is observed 
with action potentials in KCI, veratrine,  etc., where sometimes the potential 
rises again after the initial spike. 
5.  During  a  tetanus  the  negative  after-potential  falls  increasingly  faster 
(becomes shorter)  (Lorente de N6,  1947, 132, 281).  The duration  of action 
potentials is shorter during the relative refractory period. 
Also  the  electrotonic  potentials  demonstrate  the  same  behavior  in  both 
cases. Nerves in which the negative after-potential is high  show a slow rising 
component of the electrotonic potential (of.  Lorente de N6,  1947). The same 
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There  seems to be sufficient  evidence to assume that  the processes which 
cause  the  normal  spike  and  its  negative  after-potential  are  identical  with 
those responsible for the action potentials  after depolarization,  and in KCI, 
etc. The differences  are only gradual. In the negative after-potential the rela- 
tion between spike height and height of the plateau is very great. If the causal 
agents  become stronger,  the plateau can increase,  while  the spike decreases 
and in some cases disappears.  With this the repolarization phase at the end 
of the plateau becomes steeper, and the more or less exponential decay of the 
negative after-potential turns into the typical trapezoid potential course as it 
can be seen in Fig. 7. Thus the spike in Fig. 7, record 3, corresponds to the 
normal action potential, while the following plateau is identical with the nega- 
tive after-potential. 
Not only are negative  after-potentials  related  to  the  action potentials  in 
KCI and after depolarization,  but also the positive after-potentials of the R8 
type (described by Lorente de N6, 1947) seem to be identical with the positive 
overshoot which occurs frequently at the end of action potentials in KCI (e.g. 
Fig.  7,  record 2). Similar  time courses and the fact that in the whole trunk a 
positive R3 after-potential occurs only when a negative after-potential is ob- 
served both support this view. 
In the single node three types of positive overshoots can be distinguished: 
I.  One at the end of a normal (or in hypertonlc solution prolonged) action 
potential.  Its duration is of the order of a few milliseconds  (Fig. 3). 
2.  The comparatively fast swing at the end of the action potential in KCI 
or after depolarization  (Fig.  7,  record 2).  This overshoot is short  compared 
with the duration of the action potential.  It is seen in approximately 50 per 
cent of the preparations and is usually accompanied by a two-step repolariza- 
tion phase (Fig. 7, record 2). 
3.  The much slower overshoot at the end of the action potential in KCI and 
after depolarization of the type seen in Fig.  7, record 3.  Preparations which 
show this type overshoot do not show type 2 and ~ce versa. 
Possibly the overshoots of types 1, 2, and 3 correspond to the R~, R2, and 
R8 overshoots and after-potentials described by Lorente de N6 (1947) for the 
whole nerve. In the whole trunk sometimes R1, R2, and R3 overshoots appear 
at the same time. It may be that in this case different parts of the fiber popula- 
tion are in different states and thus display different type overshoots. 
There remains the question whether the plateau of action potentials in KCI, 
etc. is caused by electromotive forces different in nature from those underlying 
the spike and the prolonged action potentials in hypertonic solutions. Accord- 
ding to the above discussion this question also applies to spike and negative 
after-potentials of the normal action potential. In other words, are there two 
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of the potential time course, or can changes in the kinetic behavior of only one 
system account for the observed potentials? 
Garten (1903), who described potential forms in veratrine and in CO~ equal 
to those presented here in KC1 after depolarization and in veratrine, did not 
specifically consider this question.  However he stated, thus implying the uni- 
form nature of the underlying events,  that the negative variation (action po- 
tential) undergoes a typical change in its time course. 
Gasser  and  Graham  (1932)  regard  spike  and  negative after-potential as 
different processes, the latter having its own rising phase and maximum after 
the spike. 
According to Lorente de N6 (1947), the negative after-potential is due to a 
change of a separate electromotive  force (l component of the membrane elec- 
tromotive force) which has already taken place during the spike and thus con- 
tributes to the potential. He, however, also considers the possibility that only 
one  system of  electromotive  forces  may sufficiently  describe  the  observed 
potential changes (Lorente de N6, 1947, 131, 399). 
From the analysis presented in a  subsequent paper it follows that indeed 
only one system may be sutficient. It will be shown that from the kinetics of 
one system the entire set of potential changes observed at a single node can be 
derived.  From this point of view the unusual forms of the action potentials in 
KCI, etc., would result from a different  kinetic behavior of the excitable system. 
However,  the fact that one system alone can account for the observed po- 
tential changes does not prove that there exists only one such system. 
SUMMARY 
This paper describes several  types of prolonged  action potentials obtained 
by various means. Action potentials were recorded from single nodes of Ranvier. 
1.  Extraction of water from the node (e.g. by application of 2 to 3  ~  glyc- 
erin)  causes  a  prolongation of the action potential. Maximal durations of 700 
to 1,000 msec. were observed.  The prolonged  action potentials have a trape- 
zoidal form similar to those from the heart muscle. 1 to 5 rain. after application 
of the glycerin, the duration of the action potential again decreases and finally 
approaches the normal value. 
2.  Another type of prolonged action potential can be observed in solutions 
which contain K  or Rb ions at concentrations between 50 m~ and 2 M. The 
nodes respond only if the resting potential is brought back to the normal value 
by anodal current from an external source. 
The shape  of these  action potentials is similar  to the shape  of the ones in 
hypertonic solution. Their maximal durations are longer (up to 10 sec.). Rising 
and failing phase  are usually slower compared with the normal action po- 
tential. Like the normal action potential, they are initiated by cathodal make 
or anodal break. They also occur in external solutions which contain no sodium. PAUL MIIELLER  161 
3.  The same types of action potential as those in KCI solution are found when 
the node is depolarized for some time (15 to 90 sec.,  100 to 200 my.) and is 
then stimulated by cathodal current. These action potentials require no K  or 
Na ions in the external medium. The maximal duration of such action poten- 
tials after depolarization increases with the strength and duration of the preced- 
ing depolarization. They disappear at a  certain time after the end of the de- 
polarization. 
The possible origin of the action potentials in KC1 and after depolarization, 
and  their relation to the normal action potential and the negative after-po- 
tential are discussed. 
The author wishes to express his gratitude to Dr. R. Lorente de N6 for invaluable 
help and advice during the course of this investigation. 
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